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Abstract: Elastic deformation behaviors of as-cast and annealed eutectic and hypoeutectic Zr-Cu-Al
bulk metallic glasses (BMG) were investigated on a basis of different strain-scales, determined by
X-ray scattering and the strain gauge. The microscopic strains determined by Direct-space method and
Reciprocal-space method were compared with the macroscopic strain measured by the strain gauge,
and the difference in the deformation mechanism between eutectic and hypoeutectic Zr-Cu-Al BMGs
was investigated by their correlation. The eutectic Zr50CuygAl;g BMG obtains more homogeneous
microstructure by free-volume annihilation after annealing, improving a resistance to deformation
but degrading ductility because of a decrease in the volume fraction of weakly-bonded regions with
relatively high mobility. On the other hand, the as-cast hypoeutectic ZrgyCusgAl;g BMG originally has
homogeneous microstructure but loses its structural and elastic homogeneities because of nanocluster
formation after annealing. Such structural changes by annealing might develop unique mechanical
properties showing no degradations of ductility and toughness for the structural-relaxed hypoeutectic
ZI‘60CU30A110 BMGs.

Keywords: hypoeutectic Zr—-Cu—Al bulk metallic glass; structural relaxation; X-ray scattering; pair
distribution function; elastic modulus

1. Introduction

Bulk metallic glasses (BMG) exhibit interesting mechanical features such as high strength with
high ductility (low Young’s modulus), which is a different trend from typical metallic materials. On the
other hand, structural relaxation has been known as a thermal behavior of metallic glasses that changes
various mechanical properties with a few percent volume shrinkage by a heat treatment below the
glass transition temperature Ty. Especially, structural relaxation-induced embrittlement would be
a factor to degrade unique mechanical properties of the metallic glass. Meanwhile, Yokoyama et al.
recently found that a hypoeutectic Zr-Cu-Al BMG with a Zr composition of 10% more than the
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eutectic composition shows no degradations of ductility and toughness after complete structural
relaxation [1,2]. Furthermore, the fatigue property on the hypoeutectic BMG is independent of the
annealing temperature, while that on a eutectic BMG changes after annealing. In addition, crystal-like
ordering and icosahedral-like contrast are partially recognized in the amorphous glassy matrix after
annealing in the hypoeutectic BMG, while the annealed eutectic BMG has homogeneous amorphous,
glassy structure. Consequently, the microstructural changes after structural relaxation might be a
crucial factor to affect the mechanical and physical properties of BMGs after annealing.

The atomic pair distribution function (PDF) obtained by X-ray scattering, which can evaluate a
neighbor atomic distance, can quantitatively estimate the local strain of nanostructures with no or
less crystal periodicity. The PDF technique has been utilized so far for the deformation analysis of
metallic glasses [3-6]. For instance, it was clarified that the local atomic strain of the metallic glass
obtained by the PDF technique is smaller than the macroscopic bulk strain, and various deformation
models have been suggested, based on their observations. Therefore, the difference in the deformability
between eutectic and hypoeutectic BMGs can be accessed by the PDF technique on a basis of the
microscopic deformation behavior in an atomic level. In this study, the microscopic deformation
behaviors of the eutectic and hypoeutectic Zr-Cu—Al BMGs are evaluated by the PDF technique with
synchrotron high energy X-ray scattering, and a change in the mechanical properties, induced by
structural relaxation for their BMGs, was discussed on a basis of the correlation between microscopic
and macroscopic deformations.

2. Experimental Procedure

Specimens used in this study were as-cast and annealed eutectic Zr5yCugpAl;y and hypoeutectic
ZrgoCugpAljg BMGs. Conditions of annealing were 697 K for 2 min for the Zr5oCuypAl;g BMG
(Tg =706K) and 661 K for 2 min for the ZrgnCuzpAlyg BMG (T = 671K). Hereafter, the ZrsoCugoAlyg
BMG and the ZrgCuszgAljg BMG call Z50 and Z60, respectively.

The X-ray scattering experiments were performed using high energy X-rays of 69.8 keV at BL22XU
in SPring-8, Hyogo, Japan [7]. Figure 1a shows the schematic layout of the optical system used in this
study. The dog-bone shaped specimen with 1.2 mm in thickness (see Figure 1b) was mounted on a
load frame and was irradiated by an incident beam with a size of 0.3 mm x 0.3 mm. Diffraction from
the specimen was measured by an Imaging Plate (IP) with 400 mm x 400 mm in size. An aluminum
plate with 4 mm in thickness was set in front of the IP to reduce the background by fluorescent X-rays.
Tensile loadings were applied to the specimen by using the load frame until 500 to 600 MPa with
a crosshead speed of 0.1 mm/min, and the diffraction patterns were measured while holding each
applied stress at seven different steps. The distances, L from the IP to the specimen were set to be
300 mm and 700 mm, and exposure times were 300 s and 120 s, respectively. Diffraction patterns in the
loading and transverse directions were extruded by circumferentially integrating a range of +5° in the
corresponding direction of the two-dimensional scattering image using the WinPIP software [8].

Two novel techniques, suggested by Poulsen et al. [3], were utilized for the strain analysis of
amorphous metallic glasses, i.e., Reciprocal-space (Q-space) method (QSM), which can measure the
local strain from the peak shift of the first peak of the intensity function I(Q) or the structure function
5(Q), and Direct-space method (DSM), which can measure the local strain directly from a change in the
atomic distance obtained from the pair distribution function G(r). The diffraction patterns measured at
L =700 mm and 300 mm were provided for QSM and DSM, respectively. The PDF was produced by
the PDFgetX3 program [9] with a Q-range of Fourier transform from 1.4 to 17 A1,
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Figure 1. (a) Schematics of the optical layout and (b) the specimen used in this study.

3. Results

3.1. PDF and Microstructure

Figure 2 shows I(Q), S(Q) and G(r) for Z50 and Z60. The radius, r in G(r) indicates the distance from
an average atom located at the origin. All functions for Z50 in Figure 2a,c,e seems to be unchanged
by annealing. It is known that the free-volume of Z50 decreases due to structural relaxation by
annealing [10]; however, any changes cannot be observed in their patterns. On the other hand, the
first peak in I(Q) and S(Q) for Z60 sharpens after annealing, as shown in Figure 2b,d, suggesting
the development of atomic ordering. Furthermore, some small diffraction peaks are recognizable
in the annealed Z60. These diffraction peaks can be clearly observed in the difference curve of I(Q)
before and after annealing, and the difference also appears in G(r), as shown in Figure 2f. Comparing
with the diffraction patterns of Zr,Cu (bct) and ZrCu (fcc), calculated by the Rietveld simulation
using RIETAN-FP [11], the diffraction peak positions measured approximately correspond to their
both diffraction patterns. Considering the precipitation temperature of ZrCu, more than 988K [12],
the crystalline phase precipitated in Z60 is expected to be Zr,Cu since the annealing temperature was
less than T (697 K). The volume fraction of this crystalline phase is predicted to be a few percent,
and, hence, the crystalline phase with such a small volume fraction would not affect the macroscopic
deformation behavior.

Figure 3 shows the Transmission Electron Microscope (TEM) images of the annealed Z60.
Ambiguous fringe contrast related to nanocrystallization can be seen in the glassy amorphous matrix,
as shown in Figure 3a. In addition, many close-range crystal-like orderings could be recognized
in Figure 3b, which are typically marked by white circles and shown in the magnified images in
Figure 3c,d, although the structure in general remains amorphous. This is a similar feature of the
microstructure to the previous works [1,2]. Furthermore, relatively large crystal grains with about
a few hundred nanometers were also observed slightly, which may contribute to diffraction peaks
shown in Figure 2b.
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Figure 2. The intensity functions I(Q) of (a) ZsyCuggAljg (Z50) and (b) ZgoCuzpAlyg (Z60) BMGs
before (blue line) and after (red line) annealing and difference curve between them. “AC” and “An”
after sample name denotes “as-cast” and “annealed”, respectively. Arrows in (b) indicate the distinct
diffraction peaks. For comparison, diffraction peak patterns of ZrCu and Zr,Cu obtained by Rietveld
simulation are shown in (b). (c) and (d) show the structure function S(Q) of Z50 and Z60 before (blue
line) and after (red line) annealing, respectively. (e) and (f) show the atomic pair distribution functions
G(r) before (blue line) and after (red line) annealing and difference curve between them for Z50 and
760, respectively. In figures (c) to (f), S(Q) and G(r) after annealing are intentionally offset by +0.5 for
easy comparison.
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{ 10 1/nm 0 1/nm

Figure 3. TEM images of the annealed Z60. Ambiguous fringe contrast related to nanocrystallization
can be seen in (a), and random close-range crystal-like orderings could be recognized as typically shown
by white circles in (b). Images in the circles, ¢ and d, in (b) are magnified in (c) and (d), respectively.
Electron diffraction in the inset of (a) shows the diffraction spots and that in the inset of (b) indicates
the halo ring showing amorphous structure.

3.2. Tensile Deformation Behavior

Figure 4 shows a comparison of the strain changes measured by the strain gauge and QSM for
750 and Z60. The macroscopic Young’s modulus, Ey; of Z50 measured by the strain gauge is increased
from 87 GPa to 96 GPa by annealing, which is a typical trend caused by structural relaxation [2].
The macroscopic Poisson’s ratios, vy before and after annealing are 0.34 and 0.36, respectively.
A decrease in the Poisson’s ratio with a few % to 10% is commonly observed after annealing [13-15],
but cannot be found in this result due to less accuracy. In contrast, Eys for Z60 is constant at 86 GPa,
regardless of whether annealing was performed. The macroscopic Poisson’s ratios vy shows slightly
decreasing from 0.37 to 0.36 by annealing, which is a typical trend caused by structural relaxation.

The microscopic deformations measured by QSM are derived from a shift in the first peak of
Q(r), fitted by the Voigt function for an initial state of the applied loading, providing the microscopic
Young’s modulus, Eq and Poisson’s ratio, vq. The Young’s modulus Eq of the as-cast Z50 is 103 GPa
that is larger than Ey; (=87 GPa), and slightly increases to 106 GPa after annealing. The Poisson’s
ratio vq before annealing is 0.32 that is smaller than the macroscopic Poisson’s ratio vy (=0.34), and
decreases to 0.29 after annealing. On the other hand, Eqg of the as-cast Z60 is 93 GPa that is larger
than Ep; (=86 GPa), and increases to 100 GPa after annealing, which is a different feature from the
macroscopic Young’s modulus showing a constant level before and after annealing. The microscopic
Poisson’s ratio vq of the as-cast Z60 is 0.30 that is smaller than vy (=0.37), and slightly decreases to
0.29 after annealing. As described above, the microscopic deformation obtained by QSM exhibits
different trends from the macroscopic deformation, which can be also found for the Zr-Al-Ni-Cu
BMG reported by Sato et al. [5]. Furthermore, the relation between macroscopic and microscopic elastic
moduli for the hypoeutectic metallic glass is different from that for the eutectic metallic glass.
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Figure 4. Stress-strain relations of (a) Z50 and (b) Z60 before (blue) and after (red) annealing, derived
from macroscopic strains measured by the strain gauge and from microscopic strains determined by
QSM. Average error bars are from +1.3 to +2.4 x 1074,

3.3. Comparison of Young’'s Modulus with Different Scales

To understand the microscopic elastic behavior accurately, the microscopic Young’s moduli, Ep
were assessed by a shift in each peak of G(r), and they are plotted in Figure 5, as a function of r. The
comparison of the Young’s moduli and the Poisson’s ratios measured by the strain gauge, QSM and
DSM, is presented in Table 1. The Poisson’s ratios were determined from the stress-strain relations in
the axial and transverse directions, measured by each method.

Figure 5a shows the microscopic Young’s modulus Ep as a function of r for Z50, compared
with Eq and Epg. The Young’s modulus of the first peak at the lowest value of r is larger than the
Young’s moduli determined at larger values of r beyond the second peak. This is a typical trend
for the metallic glasses as shown in previous studies [3-5]. The local strain at the lowest value of r
represents the local structural deformation between first nearest-neighbor atoms, which depends on
the inherent stiffness of atomic bonds. In contrast, the strains at larger values of r exhibit the average
structural deformation including a redistribution of the free-volume. Here, the Young’s modulus, Ep a
derived from the average structural deformation was calculated by averaging values in a flat region
of Ep, and those before and after annealing were calculated to be 96 GPa and 100 GPa, respectively.
These values are approximately 7 GPa smaller than the microscopic Young’s modulus Eq obtained by
QSM. The difference between Ep A and Eqg can be explained by considering Eq to be increased by an
influence of the local structural deformation at the lowest value of . Moreover, a slight increase in
Ep_a by annealing would be caused by hardening due to structural relaxation. In contrast, Ep_a before
annealing is 9 GPa larger than Ey (=87 GPa) measured by the strain gauge, whereas Ey; approaches
Ep a after annealing, i.e., Ep o =100 GPa and Ep; = 96 GPa.

Figure 5b shows a change in the microscopic Young’s modulus, Ep as a function of r for
760, compared with Eq and Ey;. The trend of a change in Ep is similar to that for Z50 shown in
Figure 5a. However, a rise in Ep at the lowest value of r is smaller than that for Z50, suggesting
the inherent stiffness of atomic bonds for Z60 to be smaller. The Young’s modulus of the average
structural deformation Ep_a before annealing is larger than the macroscopic Young’s modulus Ey, i.e.,
Ep A =91 GPa and Ey = 86 GPa. Furthermore, Eq is 93 GPa that is slightly larger than Ep 4, but the
Young’s moduli for all scales tend to be comparable for the as-cast Z60. The Young’s moduli Ey; and
Ep_a are almost unchanged by annealing, while Eq is clearly increased. In addition, the annealed Z60
shows a specific trend that the microscopic Young’s modulus Ep determined at the second peak of G(r)
increases after annealing.
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The Poisson’s ratio also shows a characteristic trend that the macroscopic Poisson’s ratio vy is
larger than the microscopic Poisson’s ratios vg and vp, which is independent of the sample condition.
Moreover, any drastic changes cannot be observed before and after annealing.
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Figure 5. Microscopic Young’s moduli of (a) Z50 and (b) Z60 before (blue) and after (red) annealing,
which are derived from DSM, compared with Young’s moduli evaluated by QSM and the strain gauge.

Table 1. Young’s moduli and Poisson’s ratios of Z50 and Z60 evaluated by reciprocal-space (Q-space)
method (QSM), direct-space method (DSM) and the strain gauge. “AC” and “An” denote “as-cast”
and “annealed”, respectively.

. 750 760
Elastic Modulus

AC An AC An
Eg (QSM), GPa 103+1 106 +1 93+ 0 100 £1

vo (QSM) 0.32 0.29 0.30 0.29
Ep_a (DSM Average), GPa 96 +5 100 + 4 91+£3 90 + 2

vp_a (DSM Average) 0.28 0.27 0.27 0.24
En (Strain gauge), GPa 87+0 96 + 0 86+ 0 86+ 0

vM (Strain gauge) 0.34 0.36 0.37 0.36

4. Discussion

4.1. Strain-Scale Observed by Each Technique

First of all, let us classify strain-scales observed by QSM, DSM and strain gauge. The strain-scale
determined by QSM indicates an average deformation of nanoscale structures with less crystal
periodicity involving crystal-like orderings and a glassy amorphous structure or none at all. On the
other hand, the strain scale determined by DSM provides an average microscopic deformation of all
composed structures including crystalline phases. In contrast, the strain-scale determined by the strain
gauge is a macroscopic deformation of the specimen.

4.2. Deformation Model of Eutectic Z50-BMG

The microstructural model suggested by Ichitsubo et al. [16] provides an idea of the deformation
model for the metallic glass. Figure 6a shows the schematic illustration of the simplified microstructural
model of Z50 before and after annealing. The microstructure of a metallic glass is known to be a
heterogeneous structure composed of strongly-bonded regions (SBRs) with low mobility and high
density (low free-volume fraction), surrounded by weakly-bonded regions (WBRs) with high mobility
and low density (high free-volume fraction). It is further suggested that an icosahedral atomic
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configuration generally exists in SBR in Zr-based metallic glasses [17]. Therefore, G(r) in Figure 2e
involves the structural information of both regions, i.e., SBR and WBR, weighted by each volume
fraction. Since the volume fraction of SBRs for the Zr-based BMG is typically larger than that of
WBRs [18], the microscopic strain determined by DSM should be dominated by SBRs. Consequently,
Ep A in Table 1 predominantly represents the microscopic Young’s modulus of SBR. On the other hand,
the macroscopic deformation measured by the strain gauge must be a total deformation including both
WBRs and SBRs. As the elastic constant of WBR is softer than that of SBR, the macroscopic Young's
modulus Ep; depends on the volume fraction of each region [18]. In particular, Ey; can approach
the microscopic Young’s modulus Ep a as the volume fraction of SBRs increases. In the present
study, Ey is significantly smaller than Ep s before annealing, suggesting relatively inhomogeneous
microstructure with high volume fraction of WBRs. After annealing, in contrast, reduction in the
free-volume in WBRs due to structural relaxation increases the volume fraction of SBRs, constructing
relatively homogeneous microstructure. Therefore, Ey; approaches Ep_a by annealing since the elastic
homogeneity is developed with an increase in the volume fraction of SBRs.

The relation between macroscopic and microscopic Poisson’s ratios can be explained by the
same mechanism of the Young’s modulus with different Poisson’s ratios between WBR and SBR.
Ichitsubo et al. suggests that the Poisson’s ratio of WBR is higher than that of SBR [18], explaining the
present results showing the macroscopic Poisson’s ratio to be larger than the microscopic Poisson’s
ratio. However, we cannot see any changes in the Poisson’s ratio by annealing, suggesting that the
measurement resolution might be insufficient for observing its changes

The elastic homogeneity inhibits generation of a shear transformation zone, leading to decrease in
its toughness or ductility and plasticity. Therefore, degradation of deformability of the eutectic Z50
due to structural relaxation would be originated from homogenization of the glassy nanostructure by
reduction in the volume fraction of WBRs.

4.3. Deformation Model of Hypoeutectic Z60-BMG

Figure 6b shows the schematic illustration of the simplified microstructural model of Z60
before and after annealing. Since the crystal-like orderings are partially recognized in the annealed
760, the as-cast Z60 might originally have some crystal-like ordered SBRs which can be nuclei of
nanoclusters after annealing. This is supported by the fact showing the first peaks of I(Q) and S(Q)
for the as-cast Z60 in Figure 2b, and d is slightly sharper compared with those for the as-cast Z50. In
addition, the as-cast Z60 has relatively homogeneous microstructure with large volume fraction of
SBRs since Ey is originally close to Ep A.

It is known that the intensity damping of G(r) is correlated to damping of the structural
coherence [19]. Accordingly, a discrete G(r) for the crystal-like ordered regions with the size of a
few nanometers or less decreases immediately with an increase of r. Therefore, an increase in Ep at the
second peak of G(r) for the annealed Z60 would be affected by nanocluster formation after annealing.
A similar trend appears in Eq to be increased after annealing since Eq could be affected by the change
in the Young’s modulus Ep, at the second peak of G(r). In contrast, the average deformation determined
at larger values of r above the third peak of G(r) represents the microscopic Young’s modulus of
the average microstructure (Ep 4 in Table 1), and is almost unchanged by annealing. Therefore, an
increase in Ep at the second peak of G(r) after annealing suggests that there are locally harder regions
such as nanoclusters in relatively softer amorphous glassy matrix. As described above, the annealed
760 exhibits structural inhomogeneity owing to nanocluster formation, likewise elastic homogeneity
would be decreased after complete structural relaxation. However, the result that Ey; and Ep _a are
almost unchanged by annealing suggests that the elastic properties of the annealed SBRs are almost
unchanged from that of the as-cast SBRs, and that WBRs surrounding nanoclusters would play a role
of damper to minimize an influence of nanoclusters on the macroscopic elastic constant. In addition,
nanocluster formation in SBRs after annealing might improve deformability of glassy structure by
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branching and pinning the shear band around the nanoclusters [20]. This would be one reason why the
hypoeutectic Z60 inhibits degradation of mechanical properties after complete structural relaxation.

(a) (b)

Z50AC Z60AC

SBR
Crystal-like
ordered

1l == | ]|
aes--8 8

*Relatively inhomogeneous *Relatively homogeneous
*Elastic inhomogeneity: Ey <Ep A *Elastic homogeneity: Ey ~ Ep

Z50An

SBR with
close-range
crystal-like
ordering
or
nanocluster
. .l SBR J :

*Relatively homogeneous *Partially nanocluster formation
*Elastic homogeneity: Ey; ~ Ep *Elastic inhomogeneity

Figure 6. Schematic illustration of the simplified microstructural models of (a) Z50 and (b) Z60 before
and after annealing. The weakly-bonded regions (WBR) shown by the yellow color surround the
strongly-bonded regions (SBR) shown by the blue color.

5. Conclusions

In this study, the difference of the elastic deformation behaviors between eutectic ZrsoCuggAljg
and hypoeutectic ZrgCuzpAljg BMGs was investigated by comparing strains with different scales
obtained by the Direct-space method (DSM), Reciprocal-space (Q-space) method (QSM) and the
strain gauge method. The eutectic Zr50CuygAljg BMG obtains more homogeneous microstructure by
free-volume annihilation after annealing, improving resistance to deformation but degrading ductility
because of a decrease in the volume fraction of WBRs (weakly-bonded regions) with relatively high
mobility. On the other hand, the as-cast hypoeutectic ZrgoCuzgAl;g BMG originally has homogeneous
nanostructure with high volume fraction of SBRs (strongly-bonded regions) but loses structural and
elastic homogeneities because of nanocluster formation partially after annealing. Such structural
changes by annealing might develop unique mechanical properties showing no degradations of
ductility and toughness for the structural-relaxed hypoeutectic ZrgyCuspAl;g BMGs.
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